In the evolution of eukaryotic genes, introns are believed to have played a major role in increasing the probability of favorable duplication events, chance recoinbinations, and exon shuffling resulting in functional hybrid proteins. As a rule, prokaryotic genes lack introns, and the examples of prokaryotic introns described do not seem to have contributed to gene evolution by exon shuffling. Still, certain protein families in modern bacteria evolve rapidly by recombination of genes, duplication offunctional domains, and as shown for protein PAB of the anaerobic bacterial species Pepostrptococcus magnws, by the shuffling of an albumin-binding protein module from group C and G streptococci. Characterization of a protein PAB-related gene in a P. magnus strain with less albumnbinding activity revealed that the shuffled module was missing. Based on this fact and observations made when comparing gene sequences of this family of bacterial surface proteins interacting with albumin and/or immunoglobulin, a model is presented that can explain how this rapid intronless evolution takes place. A new kind of genetic element is introduced: the recer sequence promoting interdomain, in frame recombination and acting as a structureless flexibility-promoting spacer in the corresponding protein.
family of bacterial surface proteins interacting with albumin and/or immunoglobulin, a model is presented that can explain how this rapid intronless evolution takes place. A new kind of genetic element is introduced: the recer sequence promoting interdomain, in frame recombination and acting as a structureless flexibility-promoting spacer in the corresponding protein.
The data presented also suggest that antibiotics could represent the selective pressure behind the shuffling of protein modules in P. magnus, a member of the indigenous bacterial flora.
Up-to-date numerous Gram-positive bacterial surface proteins have been described that share common functional traits and structural motifs (1) . They are elongated, fibrous proteins anchored in the lipid bilayer of the cell membrane and the peptidoglycan of the cell wall by well-conserved regions. These regions, together with the equally conserved signal peptide, constitute the framework regions of these proteins. The part of the proteins that extend beyond the cell wall into the environment of the bacterium is built up of a distal variable NH2-terminal region followed by domains showing high and specific affinity for abundant host proteins such as human serum albumin (HSA) and IgG. Thus, these proteins assert at least part of their function by binding host proteins to the surface of the bacterium. The functional consequences of these interactions remain unclear, but the coating of a microorganism with host proteins should influence the host-parasite relationship. The gene structure of one of these proteins, the albuminbinding protein PAB of Peptostreptococcus magnus, has been shown to contain a functional domain of 45 amino acid residues responsible for the binding of HSA. This domain is closely related to the HSA-binding domains of protein G, an IgG-and HSA-binding protein of group C and G streptococci (2) (3) (4) . It was called the GA (protein G-related albuminbinding) module as it was shown to be mobile, i.e., shuffled between genes of different bacterial species, thereby representing the first contemporary example of module shuffling (5) . Domains are regions of autonomous structure and these are usually found to be associated with a particular function, whereas a module is defined as a domain that has been found to be mobile. Multidomain proteins are usually the result of recombination events leading to different combinations of modules (6) . With continuous genes, such as those of present day prokaryotes, the structural requirements of the proteins and the need to avoid frameshift mutations may restrict the target for successful gene recombination to very short DNA sequences. This is in contrast to the great length of introns in eukaryotic genes, often in the kilobase range, increasing the size of the target for recombination by up to three orders of magnitude. The question raised in the present work is how multidomain proteins evolve in intronless prokaryotes.
MATERIALS AND METHODS Bacteria. P. magnus strains were clinical isolates from the Department of Clinical Microbiology, Lund University Hospital. The peptostreptococci were grown under strict anaerobic conditions at 37°C in Todd-Hewitt broth (Difco).
Binding Assay. Bacteria were suspended, heat killed (80°C, 5 min), and washed in phosphate buffered saline (PBS) containing 0.02% NaN3 and 0.5% Tween 20. Bacterial suspensions of different concentrations in a volume of 100 ,ul were mixed with 900 ,ul of Staphylococcus aureus strain L603 (109 bacteria per ml). Bacterial suspension (200 ,l) was then incubated with 104 cpm of 125I-labeled HSA for 30 min. Cells were spun down and the radioactivity of the pellet was measured in a y-counter and expressed as percentage of added radioactivity.
Proteins, Labeling, and Affinity Chromatography of Peptostreptococcal Proteins urPAB and PAB. HSA was purified from human plasma (7) and radiolabeled with 125I using the Bolton-Hunter reagent (Amersham). Culture medium from peptostreptococci (strains ALBlB and ALB8) expressing protein urPAB and protein PAB, respectively, were used as starting materials and subjected to affinity chromatography on HSA-Sepharose CL-4B (Pharmacia). Columns of Sepharose, coupled with 3-5 mg of HSA/ml packed gel, were equilibrated in PBS. The sample, in 0.01 M phosphate buffer (pH 7.5), was applied and the column was rinsed with PBS and then eluted with 0.1 M glycine buffer (pH 2.0). Eluates were immediately neutralized by the addition of one-tenth volume of unbuffered 1 M Tris. Eluted proteins were separated by SDS/12% PAGE and stained with Coomassie blue.
Preparation of Oligonucleotides and PCR Procedures. Three oligonucleotides were synthesized, all of which include 8491 restriction site linkers for cloning in the pHD 389 vector (8) : RXNO' -(dGCGAATTCGGCGCACTAAGGAATG-GCAATATATTTGC), RXN0"-(dGCGAATTCGGCGCAT-GAAAATTAATAAGAAATTATT), RXC6-(dGAAT-TCGTCGACTTATTAATTAATCTATTTTTTATCTAAG-AT). These oligonucleotides were used as primers with genomic DNA from P. magnus strain ALBlB as template to generate inserts for sequencing vector pGEM-T. For sequencing experiments, two pUC-derived universal primers were also used.
Cloning and Sequencing. PCR products were purified by chloroform-phenol extraction and ethanol precipitation before direct ligation into the T/A-vector pGEM-T (Promega). Subsequently, the ligation mixes were transformed into competent Escherichia coli strain JM 109 cells. Clones were selectively grown on ampicillin-containing plates and screened by PCR and for the generation of the desired insert. Doublestranded DNA sequencing was performed with the dideoxynucleotide chain termination method (9), using T7 DNA polymerase (Pharmacia). Both strands of at least two separate PCR clones were sequenced.
Computer Searches and Homology Determinations. Computer searches and homology comparisons were made in databases with the Genetics Computer Group package, Program Manual for the GCG Package (10), and with Gene Works, Program Manual (11) .
RESULTS AND DISCUSSION
Albumin-Binding Proteins from Peptostreptococcus magnus. Clinical isolates of the anaerobic Gram-positive bacterium P. magnus were tested for their ability to bind radiolabeled HSA. HSA binding was seen predominantly among isolates from deep wound infections (M.d.C., E. Holst, and L.B., unpublished data). At the highest bacterial concentration, 60% of added radioactivity was bound by strain ALB8, whereas an isolate from a gynecological infection (ALB1B) bound significantly less (Fig. 1) . From the culture supernatant of ALB8, an HSA-binding protein was previously isolated by affinity chromatography on HSA-Sepharose and named protein PAB (5) . In the same way, an HSA-binding protein was isolated from the culture supernatant of strain ALB1B. This protein, here named protein urPAB (ur-is a prefix meaning origin/ predecessor), had an apparent molecular mass of 42 kDa on SDS/PAGE, which is 5 kDa less than the 47 kDa of protein PAB (Fig. 1 When the two sequences are aligned the overall identity is 37% (Fig. 3) . Protein urPAB has a highly homologous signal sequence of 26 amino acids, since the NH2 terminal sequence of the isolated protein begins at residue 27. The mature sequence has an NH2-terminal region of 137 residues followed by a domain that shows homology to the C domains of proteins L and PAB. Furthermore, the wall spanning (W) and membrane anchor (M) regions are also similar in the two proteins. Thus, the identity between proteins urPAB and L (Fig. 4) in these conserved regions (Ss, C, W, and M) is 53%, as compared with 32% between these regions in proteins urPAB and PAB. This difference in degree of identity is partly due to the fact that the added GA module in protein PAB resides in the W region. In the NH2-terminal region of the protein urPAB a stretch of 45 amino acids (uGA-ALB1B) was found, showing 36% identity to the GA module in protein PAB (pos. 219-264) (Fig. 3) . At the same position in protein PAB a similar homologous region (uGA-ALB8) was identified showing 36% identity to the previously described GA module. Because of its low (14-36% identity) homology to other GA modules this uGA domain was not detected in previous sequence analyses. The sequence of urpab reveals that the GA module has invaded this sequence to create pab, hereby making the strain more efficient in binding HSA. Assuming that the number of proteins displayed on the surface of the two strains is the same, the doubling in binding activity seen in the protein PAB strain as compared with the protein urPAB strain could thus be explained by the doubling of binding sites as the second GA module is added.
Sequence Analysis of a Group ofP. magnus Genes. Only four genes of the anaerobic bacterial species P. magnus have been sequenced. Apart from protein urPAB the primary structures of proteins PAB and L (strain 312) and L (strain 3316) (18) have also been determined. The four genes share common features that imply that they have evolved from a common ancestor gene (see Fig. 4 Proc. Natl. Acad. Sci. USA 93 (1996) Proc. Natl. Acad. Sci. USA 93 (1996) (23) , and it has been hypothesized that commensals function as reservoirs for Tet resistance determinants (24) . Among these determinants, TetM is the most common; this is also true among peptostreptococci (23) . The TetM resistance determinant is found in many species and is carried by the natural plasmid isolate pCF10 (25) . pCF10 is a conjugative plasmid originally isolated from Enterococcus faecalis, but has been shown to transfer to other Gram-positive bacteria as well (25) . In the protein PAB gene, a region homologous to a region in pCF10 is found immediately downstream of the GA module (Fig. 3) , supporting the notion that pCF10 or a related plasmid has participated in the transfer of this module.
The recer sequence is a specific example of an SDR. It is not homologous to any of the known recombination promoting sequences, like the X sequence (26) . SDRs are 3-20 nucleotides in length and support illegitimate recombination events (22) . In contrast to legitimate or general recombination, illegitimate recombination is neither dependent on longer homologies (30-70 nucleotides) or on any known recombination pathways, like RecA. Instead, it seems to be a consequence of errors of enzymes that break and join DNA, or that replicate DNA (22) . It has been shown that SDRs can promote both deletions and duplications as well as cointegrate formation (22) . Close proximity between the SDRs seems to be of importance, because the likelihood for recombination increases if the distance between them is shorter (27) . The likelihood for illegitimate recombination also seems to increase many-fold if the DNA is present in a single-stranded form (28) , as is the case in rolling circle replication at conjugation (21) . Thus, it has been shown that SDRs, not too far apart from each other, can stimulate the generation of mutations leading to insertion, deletion, or duplication of the genetic material fying between them. In the case of the recer sequences, this genetic material would then correspond to the different folded and functional modules to be shuffled.
The consensus recer sequence of 15 nucleotides corresponds to the pentapeptide Glu-Lys-Pro-Glu-Glu, which is highly charged and hydrophilic. This and the physical properties of the proline residue (29) should contribute to the absence of structure in this peptide. Structural studies on the Ig light chain-binding B domains of protein L (19) and the albuminbinding GA module of protein PAB (20) , have revealed that the folded parts are flanked by flexible regions. The Fig. 6 . The spacer often contains a proline residue that should promote the lack of structure and thereby interdomain flexibility, whereas when inserted into a functional domain, the spacer will probably disturb the fold of the domain. Such insertions are supposedly counter-selected, thereby guaranteeing domain integrity. This assumption is supported by the structure of different recer sequences. As mentioned above, 21 of the 114 recer sequences found in the four P. magnus genes were found within DNA sequences corresponding to structure bearing parts of the domains. However, in these 21 sequences, a proline was found only in 2 cases, both in the original GA modules of proteins PAB and urPAB. This is in marked contrast to the remaining 93 sequences found outside the folded parts of the domains, where a proline was present in 70 of the recer sequences. Similar sequences (Glu-Lys-Pro-Glu-Val) are also found as flexibility promoting spacers between the IgGFc-binding domains of streptococcal protein G (30) . Also, in some M proteins, surface molecules and virulence determinants in Streptococcus pyogenes, recer-like sequences (Glu-Lys-Glu-Leu-Glu) flank repeated domains (31) . Interestingly, linker sequences in eukaryotic zinc finger domains with a similar amino acid sequence (Thr-GlyGlu-Lys-Pro) were shown to correspond to structureless peptide sequences linking the functionally and structurally defined zinc finger domains. It has also been proposed that these linkers at the gene level might promote the evolution of multi-fingered proteins (32) . Finally, in some bacterial enzymes, interdomain peptides rich in proline, alanine, and charged amino acid residues have been shown by nuclear magnetic resonance to constitute flexible linkers (33) .
Apart from being inserted between the folded parts of the modules, proline-containing recer sequences are also found within the wall-spanning regions of the P. magnus proteins Recer sequences ,Lys-Glu-Lys-Thr-Pro-GIL-Glu-Pro-L.ys-Giu-Giu-Vai,, (19) . The four overlapping recer sequences cover 11 of the 12 amino acid residues linking the two domains. i I I i. 7 1-1 depicted in Fig. 5 . It has been suggested that proline residues, with their tendency to form bends in a peptide, may help these regions to intercalate inside the highly cross-linked peptidoglycan cell wall of Gram-positive bacteria and stabilize the protein within the cell wall (34, 35 Bacterial species are clonal and multiply by binary fission. Genetic diversity and evolution of a species has to be accomplished by random mutations or by uptake and incorporation of new DNA. Transfer of DNAwithin and between species has been described to take place in a number of ways (36) . After transfer, the DNA has to be incorporated by recombination into the genome to be propagated and fixed in the population. That recombination has occurred in nature can best be shown by comparing related gene sequences. There are a number of examples of transfer of entire genes or gene clusters (37) , as well as gene segments (38) , but most of these examples do not seem to respect domain borders. However, evidence indicating that some eubacterial and bacteriophage genes have evolved by genetic transfer of discrete domains is now mounting. This has been shown by sequence compilation of gene families. In different soil bacteria transfer has been described of the fibronectin type III domains of glycohydrolases (39) . The response regulators of bacterial sensory transduction systems consist of a receiver domain linked to an effector domain. In some examples of these genes, sequence data reveal that domains have evolved independently and have later been interchanged to generate new combinations of the two domains (40) . In these studies, no modes of recombination have been suggested and structural data have not been included, whereas in the example of the tail fiber genes of different bacteriophages a site-specific recombination system governed by a DNA invertase has been proposed for the shuffling of host-range determining segments (41) . Albeit, at the protein level these segments do not form separate folded structures, but are part of a long extended conformation. Therefore, the data presented here on bacterial module shuffling in a family of P. magnus genes are unique for several reasons. First, the sequences of two genes were found to differ only by the shuffled module. Second, three-dimensional structural data and binding properties show that the modules are distinct structural and functional units flanked by flexible linkers. Third, the linkers are composed of conserved SDRs, suggesting a role for these sequences in the evolution of multidomain bacterial proteins.
The evolution of proteins has been highly accelerated by the exchange of entire functional units-i.e., modules. This has led to the emergence of multifunctional proteins with distinct structural domains separated by structureless linkers like beads on a string. In eukaryotes the appearance of introns and exon shuffling has been suggested to have led to the Big Bang of animal evolution some 570 million years ago (42) , when a multitude of multicellular animals evolved (43) . The sudden increase in the speed of protein evolution that assumingly lead to this tremendous radiation might have been triggered by a great environmental disaster (44) . The emergence of the antibiotic era can be viewed as such an environmental challenge to the bacteria (45) , possibly stimulating the rapid evolution of new proteins in the bacterial species that are most exposed, i.e., those belonging to the normal flora such as P. magnus.
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